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.2012.12.0Abstract The repeated operation of the Anti-Lock Braking System (ABS) causes accumulation of
structural damages in its different subsystems leading to reduction in their functional life time. This
paper proposes a Fuzzy Logic based Life-Extending Control (FLEC) system for increasing the ser-
vice life of the ABS. FLEC achieves signiﬁcant improvement in service life by the trade-off between
satisfactory dynamic performance and safe operation. The proposed FLEC incorporates structural
damage model of the ABS. The model utilizes the dynamic behavior of the ABS and predicts the
wear rates of the brake pads/disc. Based on the predicted wear rates, the proposed fuzzy logic con-
troller modiﬁes its control strategy on-line to keep safe operation leading to increase in service time
of the ABS. FLEC is ﬁne tuned via genetic algorithm and its effectiveness is veriﬁed through sim-
ulations of emergency stops of a passenger vehicle model.
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All rights reserved.1. Introduction
The great developments in embedded systems and its constitu-
ents motivated a great deal of research concerning the perfor-
mance of ABS brakes. ABS is implemented in automobiles to
ensure optimal vehicle control and minimal stopping distances
during hard or emergency braking with the contribution to
vehicle safety. The braking performance of the ABS depends
on control logics to overcome the time-varying nature of the1408908.
o.co.in (A.M. El-Garhy),
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03braking dynamics and many uncertain parameters such as
environments, the road and friction coefﬁcient. Various con-
trol strategies have been proposed and successfully imple-
mented for better braking performance among them are
optimal controller [1], fuzzy learning/logic controller [2,3]
and sliding mode controller [4]. All of these studies concern
how to control the wheel slip effectively but do not explicitly
address the dynamics of material damage in critical plant com-
ponents, i.e. the internal stability of that system. ABS systems
degrade the operating conditions of many parts of the break-
ing system leading to what is known by internal instability.
Consequently, it decreases the functional life of these parts
with respect to old braking systems (without ABS).
The key idea of the system proposed in this paper is that a
signiﬁcant improving in service life can be achieved, especially
during transient operations, by a small reduction in the
dynamic performance of the system. A well-designed system
can achieve, in some sense, an optimal solution to thatier B.V. All rights reserved.
Nomenclature
Awc area of the brake cylinder (m
2)
av(t) vehicle acceleration (m/s
2)
Bf brake factor
cp speciﬁc heat of disc/pad material (J/kg K)
D constant of wear equation
E constant of wear equation
e error signal of slip ratio
Fb brake force acting on pads due to the ﬂuid pressure
of the hydraulic system (N)
Ffb brake force due to friction between the pads and
disc (N)
Ff friction force between tire and road (N)
FN normal force which is the weight of quarter vehicle
(N)
Fs velocity reduction factor of heat model
G constant of wear equation
g gravity acceleration (m/s2)
h convective heat transfer coefﬁcient (W/K)
Iw moment of inertia of the wheel (kg m
2)
K radius of gyration of the wheel (m)
Kair conductivity of air (W/m K)
Kd correction factor due to aerodynamic drag
Ki correction factor due to vehicle inertia
Kp proportion of heat generated transferred to pads/
disc
l characteristic surface length (m)
Mb brake torque (N m)
Mf tire torque due to friction between tire and road
(N m)
m mass of the quarter vehicle and equals quarter of
mv (kg)
mp mass of the disc/pads (kg)
mv whole vehicle mass (kg)
Nu Nusselt number
np number of pads on the wheel
Pb pressure of the brake cylinder (MPa)
Pmax maximum pressure of the brake cylinder (MPa)
Q the heat ﬂux generated due to brake operation per
rubbing surface (J/s)
Qc convective heat ﬂux (J/s)
Qr radiative heat ﬂux (J/s)
Qtotal total heat ﬂux transferred to disc/pads due to
braking operation with cooling rates (J/s)
q heat energy generated due to braking (J)
qtotal total heat energy transferred to disc/pads due to
braking operation with cooling rates (J)
Re Reynolds number
rb effective radius of the rotor (disc) (m)
rw wheel radius (m)
Sv(t) traveled distance of the vehicle since braking (m)
T the pads/disc surface temperature (C)
T0 ambient air temperature (C)
u control signal of the controller
Xf proportion of braking due to a front wheel
b Stefan–Boltzmann constant
dw wear increment (thickness loss per unit area) (m/
m2)
e emissivity of the disc/pad
gm mechanical efﬁciency of brake system
k wheel slip ratio
kd desired slip ratio (set point for controller)
ldisc friction coefﬁcient between the brake disc and
pads
ltire friction coefﬁcient between tire and road
mair kinematic viscosity of air (m
2/s)
s build up time of brake system (s)
tair air free-stream velocity (m/s)
tv vehicle instantaneous velocity (m/s)
tvf vehicle ﬁnal velocity (m/s)
tvi vehicle initial velocity (m/s)
tw wheel tangential velocity (m/s)
t0 initial velocity of the vehicle before braking (m/s)
xv vehicle velocity converted to angular velocity (tv/
rw) (rad/s)
xw wheel angular velocity (rad/s)
_xw rate of change of wheel angular velocity (rad/s
2)
Ds distance traveled by vehicle since braking (m)
Dt time interval (s)
DT temperature difference (C)
R F summation of all forces actuating on the vehicle
motion (N)
736 A.M. El-Garhy et al.performance-damage trade-off problem. Such a system in-
creases the service life of its mechanical components, thereby
increasing the system availability and the mean time between
maintenance and failures. In addition, keeping damage rates
low reduces the risk of unscheduled shutdowns and cata-
strophic accidents.
LEC system necessitates dynamic mathematical modeling
of the process including structural damage modeling of the sys-
tem critical components. To achieve a good performance of the
controller toward solving the trade-off problem between per-
formance and damage, it should work on-line during system
operation [5]. For example, if the controller observes low struc-
tural damage rates, it could make the performance criteria
more stringent. On the other hand, a high damage rate might
require relaxation of the performance criteria to reduce thecurrent damage rate. To achieve such on-line adaptive capabil-
ities, a knowledge-based system is indispensable. Many studies
showed the ability and versatility of fuzzy logic to emulate
approximate reasoning for this problem. Thus, fuzzy logic is
introduced into LEC systems to improve its performance.
FLEC has the ability to modify operational strategies and
performance criteria on-line by relaxing or strengthening
performance criteria according to on-line information of
damage.
The difﬁculty in tuning a fuzzy controller can be attributed
to the interference or interplay between fuzzy tunable param-
eters. For example, tuning any membership function usually
affects more than one rule, and every rule may affect each fuz-
zy control action. Thus, a genetic-based tuning algorithm is
utilized to obtain high-performance of the proposed FLEC.
Fuzzy control for Anti-Lock Braking System 7372. Problem formulation
The intended system dynamics are expressed via models for the
vehicle dynamics in addition to modeling of the expected dam-
age in the critical components of the braking system.
2.1. Vehicle modeling
Toanalyze thedynamicsof thevehicle duringbrakingoperation,
mathematical models are constructed to simulate parts of the
vehicle including wheel dynamics model, braking systemmodel,
and tire model, which are the objectives of next subsections.
2.1.1. Wheel dynamics model
The problem of wheel slip control is best explained by looking
at a quarter car model moving only in longitudinal direction as
shown in Fig. 1 [4,6,7]. This model consists of a single wheel
attached to a mass m. As the wheel rotates, driven by the iner-
tia of the mass m in the direction of velocity tv, a tire reaction
force Ff is generated by the friction between the tire surface
and the road surface. The tire reaction force will generate a
torque that results in a rolling motion of the wheel causing
an angular velocity xw. A brake torque applied to the wheel
will act against the spinning of the wheel causing a negative
angular acceleration.
Neglecting the actuating torque due to engine during brak-
ing operation, the equation of wheel motion resulting from
friction and brake forces can be represented as follows:
Iw _xw ¼Mf Mb ð1Þ
where Iw is the wheel moment of the inertia, _xw is the wheel
angular acceleration, Mf is the tire torque resulting from fric-
tion force between the tire and the road surface, and Mb is
the brake torque. Also, the longitudinal slip of the wheel is a
valuable parameter in the model and it is deﬁned by
k ¼ tv  tw
tv
¼ tv  rwxw
tv
ð2Þ
where k is the wheel slip ratio, tv is the vehicle velocity, rw is the
radius of the wheel, xw is the wheel angular velocity and tw is
the wheel tangential velocity. That is, there is no slip (k= 0)
when tw = tv and k= 1 when the wheel is completely slides
on the road where tw = 0 and xw = 0.
2.1.2. Brake model
The brake torque is obtained by applying a force on the brake
discs which is generated by the braking hydraulic system as
follows:m
υv 
ω
w
Ff
Mb
Mf
rb
r
w 
FN 
Figure 1 Quarter car model.Mb ¼ Ffbrb ð3Þ
Ffb ¼ ldiscFb ð4Þ
Fb ¼ PbAwcgmBf ð5Þ
Pb ¼ 1
2ssþ 1Pmax ð6Þ
where rb is the mean effective radius of the rotor, Ffb is the force
due to friction between the pads and the disc, ldisc is the friction
coefﬁcient between the brake disc and pads,Fb is the force due to
the ﬂuid pressure of the hydraulic system, Pb is the pressure of
the brake cylinder, Awc is the area of the brake cylinder, gm is
themechanical efﬁciency,Bf is the brake factor,Pmax is themax-
imum brake pressure of the brake cylinder, and s is the buildup
time. The pressure reaches 86.5%ofmaximumbrake pressure at
the buildup time and there is a rate limit at how fast the torque
can be changed by the actuator [4,8].
2.1.3. Tire model
The tire is one of the signiﬁcant factors that increase the non-
linearity of the vehicle where the force generated in the tire af-
fects its motion. Many studies are introduced to identify the
friction coefﬁcient of several dynamic systems [9–11]. The fric-
tion coefﬁcient between tire and road is affected by many
parameters. The Pacejka tire model known as ‘‘magic for-
mula’’ [12] was derived heuristically from experimental data
to produce a good ﬁt and it is an appropriate representation
for our study. This model provides the tire road coefﬁcient
as a function of wheel slip ratio k [13]. This paper concerns
the dependence of the friction coefﬁcient on wheel slip ratio
k and considers stable conditions of other parameters. The
friction coefﬁcient dependence on slip ratio of the wheel for
various road types is shown in Fig. 2 [14], which can be consid-
ered as an empirical function of slip represented by a lookup
table.
The tire torqueMf resulting from friction force between the
tire and the road surface can be represented by the following
equations:
Mf ¼ Ffrw ð7Þ
Ff ¼ FNltire ð8Þ
FN ¼ mg ð9Þ
ltire ¼ fðkÞ ð10ÞFigure 2 Friction curve, based on simple friction model for
different road types [14].
738 A.M. El-Garhy et al.where Ff is the friction force between tire and road, rw is the
radius of the wheel, FN is the normal force which is the weight
of quarter vehicle, m is the mass of the quarter vehicle and
equals quarter of mv (hole vehicle mass), g is the gravity accel-
eration, ltire is the friction coefﬁcient between tire and road,
and k is the wheel slip ratio.
2.1.4. Vehicle dynamics model
For simplicity, we discuss only longitudinal motion of the vehi-
cle [15]. So, the dynamics equations represented as follows:X
F ¼ mav ð11Þ
tvðtÞ ¼
Z t
t0
avðtÞdtþ t0 ð12Þ
SvðtÞ ¼
Z t
t0
tvðtÞdt ð13Þ
where R F is the summation of external forces actuating the
vehicle motion, av(t) is the acceleration of the vehicle, tv(t) is
the vehicle velocity, t0 is the vehicle initial velocity before brak-
ing and Sv(t) is the car traveled distance since braking. Neglect-
ing the drag force due to air and the actuating force due to
engine yields:
P
F ¼ Ff, where Ff is the friction force be-
tween the tire and road during braking.
2.1.5. Anti-Lock Braking System (ABS) controller
ABS controls the slip of each wheel of a vehicle to prevent it
from locking such that a high friction is achieved and steerabil-Figure 3 (a) Typical ABS simple mode controller.ity is maintained. It is noticed that the coefﬁcient of friction
curve reaches its maximum value when the slip ratio k is near
to 0.2, which yields to maximum friction force and minimum
stopping distance. The control problem is to regulate the value
of the wheel slip k to a given set point kd that is either constant
or commanded from a higher-level control system [4]. Conse-
quently, the tracking error signal e, fed to the ABS controller,
is calculated as follows:
e ¼ k kd ð14Þ
A simple ABS controller has two modes of operation, increase
pressure quickly when the error is negative or decrease pres-
sure quickly when error is positive, (Fig. 3a). However, some
ABS controllers add a hold mode to maintain pressure if the
error signal is almost zero, (Fig. 3b) [8]. In this paper, we will
use the simple ABS controller as a reference to evaluate the
proposed system.
2.2. Damage model
Two different conﬁgurations of damage models can be used
with LEC; the ﬁrst conﬁguration uses the actual on-line dam-
age information for control purposes. This conﬁguration re-
quires either on-line measurement of actual structural
damage or on-line estimation. In the absence of the on-line
damage information or sensory, the second conﬁguration can
be used where plant process variables are utilized as an indica-(b) Typical ABS increased hold mode controller.
Fuzzy control for Anti-Lock Braking System 739tor of structural damage. For example, a rapid variation in
temperature of certain component is an indicator of high dam-
age rate. This information could be built into the fuzzy logic to
obtain a computationally fast and relatively simple fuzzy-logic-
based controller. This conﬁguration is simple but does not
guarantee good performance in components that has damage
rates due to its dependence on many parameters. Conse-
quently, a closer look of braking system is necessary to deter-
mine the most critical parts.
2.2.1. Typical automotive braking system
A typical automotive braking system is shown in Fig. 4, where
it consists of disc brakes in front and either disc or drum
brakes in the rear connected by a system of tubes and hoses
that link the brake unit at each wheel to the master cylinder.
ABS unit is also added to this system in addition to auxiliary
parts which are not involved in our study. ABS solves the lock-
up problem by rapidly pumping the brakes whenever the sys-
tem detects a wheel that is locked up. ABS system consists
of an electronic control unit, a hydraulic actuator, valves,
and wheel speed sensors at each wheel. The pumping action
necessitates an extra load from hydraulic actuator and valves.
If we achieve same results with reduced effort, this will increase
service life of the ABS unit and it is the objective of the paper.
The braking unit at each wheel consists mainly of either
disc brake or drum brake and it is the most critical part of
our damage model. The paper discusses the disc bake because
it is widely used to stop different vehicles from cars to locomo-
tives and jumbo jets. The main components of a disc brake are
the brake pads, rotor (disc), caliper and caliper support as
shown in Fig. 5, where the caliper squeezes the two brake pads
against the disc by a hydraulic piston. The wheel is attached to
the disc which slows down due to friction between it and pads.
Brake pads wear out with use and must be checked for wear
and replaced periodically.Typical disc brake Typical drum brake 
Front brake Rear brake Master cylinder 
Brake pedal 
Brake lines 
Figure 4 Typical automotive braking system.
Rotor 
Wheel attaches 
here
Piston
Brake pads 
Caliper 
Figure 5 Disc brake unit.The rotor is made of iron with highly machined surfaces
where the brake pads contact it. Just as the brake pads wear
out over time, the rotor also undergoes some wear in the form
of ridges and groves where the brake pad rubs against it.
In order to design a controller for increasing the service
time of pads or disc, we should model the wear which is a
highly nonlinear process. Different approaches are devoted
to ﬁnd an efﬁcient way to measure (in a direct way) or to esti-
mate (in an indirect way) a tool wear, [16]. However, achieving
a reliable and precise estimation had faced great difﬁculties.
Some researches tried to use an adaptive non-linear observer
to deal with the difﬁculties, and others used artiﬁcial intelli-
gence such as neural networks to estimate the wear [16]. The
wear of brake pads and disc is a kind of dry sliding wear that
depends on different parameters including the pressure press-
ing the surfaces against each other (load), the operating tem-
perature, the sliding speed and time of sliding. For
calculating the temperature, we built a heat model to give on-
line information about it.
To achieve the requirements of LEC of brake system, a
damage model of ﬁrst conﬁguration of disc brake is required
to estimate the wear on-line. In addition, the control effort
of the ABS controller should be reduced as possible to extend
the service life of the ABS hydraulic actuator which suffers
from the extra load due to pumping.
2.2.2. Heat model for brake pads/disc
Thismodel is used to predict the temperature of the brake disc or
pads during braking operation. The analysis is valid for rubbing
surfaces, brake disc and pads by using the pertinent parameters
to get its temperature. Koetniyom et al. [17] had introduced a
good analysis and prediction of the disc temperature during sud-
den high-speed stops. However, they ignored the effects due to
two of the main parameters: sliding and the cooling rates due
to convective and radiative heat transfer. The ﬁrst is that the
velocity of the vehicle equals that of the wheels (i.e. no sliding),
which is not valid inABS brakes rather than old brakes (without
ABS), especially in sudden high-speed stops. In addition, the
convective heat transfer effect increases in sudden high-speed
stops due to the high velocity of air surrounding the speedy vehi-
cle while the radiative heat transfer effect increases with the
fourth power of the surface temperature.
For thermal analysis of the brake performance, a uniform
heat ﬂux is derived from the basic energy considerations and
is applied over the two rubbing disc-surfaces. A vehicle of mass
mv is assumed to have an initial velocity tvi before the brakes
are applied for deceleration of av (negative acceleration) until
the ﬁnal velocity tvf is attained over a braking time Dt. Assum-
ing that all of the vehicle kinetic energy is converted into heat,
conservation of energy for the entire vehicle yields:
1
2
mvt2viþ 12Iwx2wi
  1
2
mvt2vfþ 12Iwx2wf
 
Dt
¼ q
Dt
ð15Þ
Iw¼mwK2; the wheels moment of inertia ð16Þ
xw¼ð1kÞxv¼ð1kÞ tv
rw
; the wheels angular velocity ð17Þ
t2vi t2vf¼ 2avDs ð18Þ
where q is the heat generated due to braking, K is the radius of
gyration of the wheel, k is the wheel slip ratio deﬁned by Eq
(2), xv is the vehicle angular velocity which is the supposed
740 A.M. El-Garhy et al.wheel angular velocity in case of no-sliding and it is deﬁned by
tv/rw and Ds is the distance traveled within the time Dt. In Eq.
(18), av is considered constant for very small Dt. Substituting
Eqs. (16) and (17) into Eq. (15) yields:
1
2
mvt2vi þ 12mwK2ð1 kÞ2
t2
vi
r2w
Dt

1
2
mvt2vf þ 12mwK2ð1 kÞ2
t2
vf
r2w
Dt
¼ q
Dt
ð19Þ
) ðt
2
vi  t2vfÞ
2Dt
mv þmwK2 ð1 kÞ
2
r2w
( )
¼ q
Dt
Substituting Eq. (18) into Eq. (19) yields:
avDs
Dt
mv þmwK2 ð1 kÞ
2
r2w
 !
¼ q
Dt
ð20Þ
The term Ds/Dt can be replaced with the instantaneous velocity
of the vehicle tv, and the term {mv + mwK
2(1  k)2/rw} can be
replaced with the term {Kimv}, where the factor Ki is a correc-
tion factor due to vehicle inertia and it is given by
{1 + (1  k)2mwK/(mvrw)}. Thus, Eq. (20) becomes:
Kitvmvav ¼ qDt ð21Þ
The kinetic energy is converted into thermal energy in two
parts: the ﬁrst part is dissipated between the brake disc and
pads, while the other is dissipated between the tire and road.
Since the kinetic energy is proportional to velocity, we can as-
sume that it may be divided according to the slip ratio of the
wheel, k. That is, for k= 0, all thermal energy is generated be-
tween the brake disc and pads while for k= 1, all thermal en-
ergy is generated between the tire and road and if k is in-
between, the thermal energy will be divided with a ratio of k.
In addition, other correction factors should be taken into con-
sideration. Thus, the rate of heat ﬂux Q generated due to brake
operation per pad becomes:
Q ¼ q
Dt
XfKpKdð1 kÞ 1
np
¼ XfKpKdKimvtvð1 kÞav
np
ð22Þ
where Xf is the proportion of braking due to front wheel, Kp is
the proportion of heat generated and transferred to pads/disc,
Kd is a correction factor due to aerodynamic drag, Ki is a cor-
rection factor due to vehicle inertia and wheel slip, mv is the
vehicle mass, tv is the vehicle instantaneous velocity, k is the
wheel slip ratio, av is the deceleration of the vehicle (negative
acceleration) and np is the number of pads on the wheel. Note
that no account was taken of radial or circumferential heat ﬂux
variations due to non-uniform interface pressure distributions.
For accurate prediction model of temperature, the effect of
cooling due to convective and radiative heat transfer should
be considered [18,19]. The convective heat ﬂux, Qc, from the
free surface of the pads/disc is given by:
Qc ¼ hðT T0Þ ð23Þ
where T is the disc/pad surface temperature, T0 is the ambient
air temperature and h is the convective heat transfer coefﬁcient
and it was found from the relation of Nusselt modulus, Nu [18].
Vehicles traveling at speeds above 20 mile/h are thought to
give rise to turbulent airﬂow at the disc/pad surfaces since
the Reynolds number, Re, will exceed 250,000 where a transi-
tion from laminar to turbulent ﬂow take place. For brake disc
or pad in a cross-ﬂow under turbulent conditions, the Nusselt
number is given by:Nu ¼ hrb
Kair
¼ 0:037R0:8e ð24Þ
The Reynolds number during forced turbulent conditions can
be found from:
Re ¼ 2tairFslmair ð25Þ
where the kinematic viscosity of air is mair, and thermal conduc-
tivity of air is Kair. These variables are calculated from the
average of the ambient air temperature, T0, and the disc/pad
surface temperature, T. The characteristic surface length, l, is
assumed to be the brake disc radius, rb, and the free-stream
velocity, tair, is assumed to be the speed of the moving vehicle,
tv. To consider the shielding of the interior vane surface, hub
and under wheel surfaces, a velocity reduction factor Fs is
used. It is found by measurement tests that Fs has values be-
tween 0.2 and 0.5. From Eqs. (23)–(25), the convective heat
ﬂux from the surface to the surrounding air can be described
by
Qc ¼ 0:037
Kair
rb
2tvFsrb
mair
 0:8
ðT T0Þ ð26Þ
Assuming blackbody radiation, radiative heat transfer in-
creases with the fourth power of the surface temperature and
consequently the radiative heat ﬂux, Qr, is calculated as
follows:
Qr ¼ ebðT4  T40Þ ð27Þ
where b is the Stefan–Boltzmann constant and e is the emissiv-
ity of the disc/pad. Some literature [19] had taken convective
and radiative heat ﬂux into consideration, but they ignored
the effect of wheel slip. Now, according to Eqs. (22), (26),
and (27), the total heat ﬂux transferred to disc/pad due to
braking operation in sudden high speed stops with cooling
rates can be considered as follows:
Qtotal ¼ QQr Qc ð28Þ
Considering the disc/pad mass mp with material of speciﬁc heat
cp, the temperature of the disc/pad surface can be calculated by
thermal equations as follows:
cp ¼ qtotal
mpDT
ð29Þ
That is, if a mass mp of material with speciﬁc heat cp acquired
thermal energy of qtotal, then its temperature will increase by
DT. Assuming that the initial temperature of the pads/disc is
that of the surrounding air T0, the solution of Eq. (29) yields
the temperature as follows:
T ¼
R
Qtotaldt
mpcp
þ T0 ð30Þ2.2.3. Wear model of brake pads/disc
This model represents the wear of the brake pads or disc which
is the most critical part of the braking system subjected to
wear. Wear due to rubbing surfaces is a complicated operation
to be represented mathematically due to its nonlinear nature.
Many studies uses experimental values calculated in lab to dis-
cuss wear changes with changes in pressure, velocity and tem-
perature [16]. To simplify the model, the Arrhenius wear
Figure 6 Vehicle block diagram with damage model.
Fuzzy control for Anti-Lock Braking System 741relationship [20] used to estimate the wear of drum brake is uti-
lized and it has the following form:
dw
Dt
¼ GPbe ETð Þ ð31Þ
where dw is the wear increment (thickness loss per unit area) in
time interval Dt while G and E are constants. To improve the
accuracy of Eq. (31), we add the effect of the sliding velocity as
thewear betweendisc andpads increaseswith the sliding velocity
and equal zero if there is no sliding.Next, we choose values of the
constants G and E that obtain results close as possible to the
empirical values. Thus, Eq. (31) becomes as follows:
dw
Dt
¼ GPbtwe ETð Þ ð32Þ
Although the wear model may not yield very accurate values of
wear, it provides a good estimate to how wear changes with
changes in pressure, temperature and speed. The underlying sys-
tem is representedby theblockdiagramshown inFig. 6withnor-
mal ABS controller in which u is the control signal of the
controller.
3. Proposed Fuzzy Life-Extending Controller (FLEC)
Due to its conﬂicting nature, vehicle designers face many chal-
lenges to achieve design requirements. Among these challengesis the durability which is devoted to increase the service life of
the system and mean time between failure or maintenance.
However, it is sometimes difﬁcult to achieve the maximum of
durability without degrading the safety which is the most
important objective that restricts the design process. For brake
systems, it is not accepted to expose the driver or passengers to
danger by increasing the stopping distance in critical stops
whatever the gain of system durability. Thus, the objective of
this study is to design an intelligent controller able to deal with
such nonlinear system to achieve three goals under two restric-
tions. The goals are minimizing the error to follow the desired
slip ratio toward required performance, secondly decreasing
the control effort to increase the service life of ABS valves,
hydraulic actuator, piston and caliper of the wheel brake unit,
thirdly increasing the service life of the brake pads and disc
according to the built damage model. The restrictions include
maintaining the safety of the system by keeping the stopping
distance without increasing, and if there is a performance deg-
radation of the system, it will be within acceptable range.
Thus, artiﬁcial intelligence techniques such as fuzzy logic con-
troller are to be utilized, hopefully, to achieve this objective.
Normal ABS operation is done by applying the pressure de-
mand from the driver brake pedal whenever the slip ratio is be-
low 0.2. On the other hand, when the slip ratio exceeds 0.2, the
ABS controller decreases the pressure to return the slip ratio to
0.2 again. This pumping action maintains the slip ratio around
Figure 7 (a) Membership functions of error for FLEC. (b) Membership functions of error rate for FLEC. (c) Membership functions of
wear rate for FLEC. (d) Membership functions of output for FLEC.
742 A.M. El-Garhy et al.
Table 1 Rules of the FLEC with three inputs and one output.
Rule number Error Error rate Wear rate Output
1 nh NOT p l nh
2 nh p l z
3 nl P l pl
4 nl NOT p l nl
5 z z l z
6 z n l nl
7 z p l pl
8 ph NOT n l ph
9 ph n l z
10 Pl n l nl
11 pl NOT n l pl
12 ph – h z
13 pl – h nl
14 z – h nh
15 nl – h nh
16 nh – h nh
Fuzzy control for Anti-Lock Braking System 7430.2. As well as normal ABS controller, FLEC is designed to
take responsibility whenever the slip ratio exceeds 0.2. Other-
wise, the demand from brake pedal is applied which increases
the pressure quickly in emergency stops.
ABS valves and hydraulic actuator do not require damage
model of ﬁrst conﬁguration. The demanded work or control
effort is a good indication of the service life of the ABS valves
and hydraulic actuator. Whenever the demanded work is re-
duced, the life service will be increased. Also the disc brake
unit piston and caliper require decreasing the demanded work.
But due to complexity of wear nature, we built a damage mod-
el of ﬁrst conﬁguration to represent the wear of pads and disc
in Section 2.2.3. Toward these objectives, a fuzzy logic control-
ler (FLC) is designed to be as a life-extending controller.
The wear of brake pads and disc depends on four parame-
ters; brake pressure, its temperature, wheel velocity and time of
braking. In fact, the driver or the controller controls only the
brake pressure and the other parameters change according to
brake and vehicle dynamics. For example, if we increase the
brake pressure when the slip ratio is under the desired value,
the wheel velocity will decrease, the generated heat ﬂux will in-
crease, and the stopping time will decrease. That is, two
parameters (increasing pressure and temperature) will increase
the wear rate, and two parameters (decreasing wheel velocity
and time of friction between pads and disc) will decrease the
wear rate. If the slip ratio is greater than the desired value,
the increase of brake pressure will increase the time of stopping
instead of decreasing it. That is, the change of wear is nonlin-
ear with the change of brake pressure. If the system does not
directly address the wear of the disc on-line by a wear model,
it is very difﬁcult to control it. In addition, if we have a wear
model, it is difﬁcult for classical control techniques to control
the wear and achieve the system requirements within con-
straints due to the high degree of system nonlinearity. Thus,
the claimed advantages of intelligent techniques, such as fuzzy,
are used to deal with such systems.
The key idea of the controller is to deal with the system by
using two or three modes of operation according to the wear
rate. Then according to the speciﬁcation of each mode, it will
deal with the system to achieve local objective by focusing on
certain parameter. For example, if the wear rate is low, thecontroller focuses on the tracking error to decrease the stop-
ping distance and improve the system performance. Otherwise,
if the wear rate is high, the controller relaxes the performance
criteria within acceptable range to decrease the wear rate.
Mamdani-type fuzzy logic has characteristics appropriate
to our model and consequently it will be used in the fuzzy con-
troller design with three inputs and one output. The inputs are
the error of slip ratio, rate of change of error and wear rate of
disc. Error and output are represented with a fuzzy set of ﬁve
linguistic terms, represented by ﬁve membership functions. The
linguistic terms are positive high (ph), positive low (pl), almost
zero (z), negative low (nl) and negative high (nh). Error rate is
represented with a fuzzy set of three linguistic terms, which
are positive (p), almost zero (z) and negative (n). Wear rate is
represented with a fuzzy set of two linguistic terms, which
are low (l) and high (h). The number of membership functions
is chosen to satisfy the design requirements. For example, the
error information is required to be more speciﬁed to the con-
troller than error rate. Thus, we use ﬁve linguistic terms for
the error and three only for the error rate. The membership
functions are represented in Figs. 7a–7d where the wear rate
is normalized before it is fed to the controller. Also a pre-ﬁlter
is used to saturate the error rate to the interval [10, 10]. The
universe of discourse of inputs and outputs are deﬁned as
follows:
lerror : X! ½1; 1 ð33aÞ
lerror rate : X! ½10; 10 ð33bÞ
lwear rate : X! ½0; 1 ð33cÞ
loutput : X! ½1; 1 ð33dÞ
In this system we use triangle and trapezoidal membership
functions where triangle membership functions are used to
simplify the computation in actual operation. It has been
found that using complex forms of membership functions,
such as bell-shaped functions, cannot bring any advantage
over the triangle ones. Trapezoidal membership functions are
used when a feature input level becomes greater (or less) than
a certain value and does not give an additional beneﬁt to the
system.
The number of rules is reduced to be sixteen as given in Ta-
ble 1 and represented graphically in Fig. 8a–c; the ﬁrst eleven
rules determine the behavior of the controller when the wear
rate is low. Thus, these rules focus on system performance
and minimizing the error while the last ﬁve rules determine
the behavior of the controller when the wear rate is high. All
the rules have the same weight, the fuzzy operator used to con-
nect the antecedent parts of all rules is AND while the word
NOT means negation. For example, the ﬁrst rule is:
IF error is negative high AND error rate is NOT positive
AND wear rate is low THEN output is negative high
To study how the controller interacts with the system, let’s
discuss two cases; ﬁrst when the wear rate is low, the controller
behavior is represented with Fig. 8a, where the output of the
controller is gradually changes with changes of error and error
rate. It gives the most negative value when both error and error
rate at their most negative values and vice versa. These rules
are chosen to give good tracking with minimum overshoots
or oscillation around the set point. Thus, it enhances the sys-
tem performance, minimizes the error and decreases the stop-
ping distance and braking time.
Figure 8 (a) FLEC rules between error, error rate and output (with low wear rate). (b) FLEC rules between wear rate and output. (c)
FLEC rules between wear rate, error and output (with high wear rate).
Table 2 Methods used for fuzzy operations of FLEC.
Operation Method
AND Min
OR Max
NOT l(x) 1  l(x)
Implication Min
Aggregation Max
Defuzziﬁcation Center of area (COA)
744 A.M. El-Garhy et al.The second case is that the wear rate is high and the con-
troller behavior is represented in Fig. 8b and c, in which the
controller output is reduced with the increase of the wear rate.
When the wear rate is less than 50% of its maximum value,
there is no output reduction and it is inﬂuenced only by error
and error rate. When the wear rate exceeds 50% of its maxi-
mum value, the output decreases gradually as shown in
Fig. 8b with the increase of wear rate. This behavior decreases
the wear rate of the brake pads/disc. The methods of fuzzy
operations used in FLEC design such as implication and
defuzziﬁcation are listed in Table 2.
Figure 9 Vehicle and wheel speed with old braking system.
Figure 10 Vehicle and wheel speed with normal ABS.
Figure 11 Vehicle and wheel speed with FLEC.
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direct approach, which depends mainly on experts’ knowledge
of the system dynamics. For ﬁne tune of membership func-
tions, scaling factors approach are is used. Scaling factors are
the main parameters used for tuning the fuzzy logic controller
[21]. The scaling factors are then optimized by a genetic algo-
rithm. In addition, the weights of the rules are also involved in
the optimization process. The rule weights can perform a localtuning of linguistic rules, which enables the linguistic fuzzy
models to cope with inefﬁcient and/or redundant rules thereby
enhancing the robustness, ﬂexibility and system modeling
capability.
Genetic algorithms are general purpose search algorithms
which use principles inspired by natural genetics to evolve
solutions to problems. The basic idea is to maintain a popula-
tion of chromosomes which represents candidate solutions to
Figure 12 Vehicle speed.
Figure 13 Wheel speed.
Figure 14 Brake pressure.
746 A.M. El-Garhy et al.the concrete problem being solved, that evolves over time
through a process of competition and controlled variation.
Each chromosome in the population has an associated ﬁtness
to determine (selection) which chromosomes are used to form
new ones in the competition process. The new ones are created
using genetic operators such as crossover and mutation. Cross-
over is to recombine the selected parents to generate new sam-
ple points in the search space. Mutation operator is appliedafter crossover, by which one or more bits of a parent chromo-
some are inverted randomly to ensure genetic diversity within
the population. It is expected that with the help of this process
a better chromosome will create a large number of offspring
which tends to has higher chances of survival. This cycle is re-
peated until a desired termination condition is reached.
The ﬁtness function is chosen to reﬂect the conﬂicting nat-
ure of performance-wear trade-off problem. It is linearly
Figure 15 Disc temperature.
Figure 16 Control signal of normal ABS.
Figure 17 Control signal of FLEC.
Fuzzy control for Anti-Lock Braking System 747increasing with the wear reduction and linearly rabidly
decreasing with the increase of stopping distance. Therefore,
the search problem converges to solutions which maximize
wear reduction without increasing the stopping distance more
than the distance produced by normal ABS controller. In addi-
tion, the crossover probability is 0.7, mutation probability is
0.01 and the selection method is rank based. Tuning fuzzy con-
troller by genetic algorithm is massively manipulated in litera-
ture [22,23].4. Simulation and results
For simulation purpose, a passenger vehicle of mass 1200 kg is
assumed to have initial velocity of 40 m/s and initial disc tem-
perature of 25 C before braking. We used data introduced in
[4] of a passenger vehicle and data introduced in [17,19] for
heat consideration of brake disc. The simulation of the FLEC
algorithm had carried out using programs built within the
Figure 18 Wear rate.
Figure 19 Accumulated wear.
Table 3 Simulation results of old braking systems, ABS and the designed FLEC-ABS.
System characteristics Old braking ABS FLEC-ABS FLEC-ABSM ABS
Stopping distance (m) 122.40 98.96 98.95 Almost the same
Stopping time (s) 5.97 4.72 4.6 Almost the same
Maximum brake pressure (MPa) 10.0044 7.4435 7.456 Almost the same
Maximum disc temperature (C) 46.79 102.63 95.25 Decreased by 7.2%
Control eﬀort (normalized) – 4.72 1.05 Decreased by 77.7%
Maximum wear rate (m/s) 5.26 · 106 9.6 · 106 6.6 · 106 Decreased by 31.2%
Accumulated wear (m) 0.21 · 105 2.28 · 105 1.89 · 105 Decreased by 17.3%
748 A.M. El-Garhy et al.MATLAB and SIMULINK environments from which the
simulation results are shown in Figs. 9–19 and summarized
in Table 3.
Figs. 9, 10 and 12 show the main contribution of ABS with
respect to old braking systems (without ABS). ABS remark-
ably decreased stopping distance by 19.2%, stopping time by
20.9% and wheel lockup time from 83.3% to 3.1% of total
braking time. In addition, (Fig. 14) shows that ABS does not
require more than 74.4% of maximum value of the brake pres-
sure to achieve this performance. On the other hand, these
advantages are paid by increasing temperature and wear as
shown in Figs. 15, 18 and 19. ABS increased the temperature
(from 25 to 102.6), i.e. 3.6 times the increase caused by old
braking system (from 25 to 46.8). The high temperature affectsthe efﬁciency of braking system by decreasing the friction coef-
ﬁcient between disc and pads. This phenomenon is called brake
fading which increases especially if we have two successive
high-speed braking. In addition, ABS increased the wear by
2.2 times the wear caused by old braking systems. Another dis-
advantage of normal ABS is declared by Fig. 16, which is the
high control effort that degrades the service life of the braking
unit and ABS unit.
On the other hand, Figs. 11–14 show that FLEC maintains
the contribution of ABS to the stopping distance, stopping
time, wheel lockup and maximum brake pressure. FLEC
solves the trade-off problem by forcing the system to a slip ra-
tio a little bit higher than 0.2. This rise in slip ratio allows the
controller to decrease signiﬁcantly the wear rates as shown in
Figure 20 Vehicle and wheel speed with normal ABS of reduced vehicle weight.
Figure 21 Vehicle and wheel speed with FLEC of reduced vehicle weight.
Figure 22 Brake pressure of reduced vehicle weight.
Fuzzy control for Anti-Lock Braking System 749Fig. 18. On the other hand, this rise should be small; otherwise
the stopping distance will be increased. In addition, the slip ra-
tio produced by FLEC is located within the oscillating rang of
normal ABS, so that it will not degrade friction force with re-
spect to normal ABS. Table 3 and Figs. 15–19 show that
FLEC increased the service life of the ABS actuator by about
77.7% and the service life of the brake disc/pads by about
17.3% without increasing the stopping distance, which meetsthe objective of our study. In addition, the maximum temper-
ature is reduced by 7.2%.
In order to analyze the performance of the FLEC for some
changes in drive or vehicle conditions, we assume that the vehi-
cle was full load of passengers and the simulation is run again
in case of no passengers onboard. The mass of the vehicle is
reduced to 900 kg which yields to reduce the kinetic energy
of the vehicle, the temperature generated and the total braking
Figure 23 Control signal of FLEC of reduced vehicle weight.
750 A.M. El-Garhy et al.effort and consequently decreases the wear. The simulation
was run again for the normal ABS controller and FLEC.
Figs. 20 and 21 show the behavior of the vehicle and wheel
velocity for both systems while Figs. 22 and 23 show the brake
pressure and control effort, respectively. It is clear that the
vehicle behavior with FLEC is much better than normal
ABS controller from the point of less oscillation and stopping
distance and there is no skidding at the end of the path. The
results of simulation showed that the control effort is saved
by 81.3% stopping distance is reduced by 0.34 m, total wear
of the brake disc and pads is saved by 19%, and the maximum
of wear rate is reduced by 34.9% which effectively increase the
service life of braking and ABS units. That is, the simulation
shows the robustness of FLEC with system uncertainties.
5. Conclusion
The wear of the disc/pads has a high degree of nonlinearity
that makes any system unable to control without directly
addressing it. In addition, successive braking yields to increase
the temperature and consequently the brake fading will in-
crease the stopping distance and wear of the brake pads and
disc. Thus, a wear model is built to provide on-line informa-
tion about the wear and its variation with system parameters.
Then, it was challenging for a traditional controller to reduce
the wear and achieve the main goal of the ABS system con-
cerning the safety represented by the stopping distance in addi-
tion to accepted loss-level of performance. To achieve the
requirements and overcome shortcomings of conventional
control, the system is modeled and FLEC is designed to con-
trol the wear of the brake disc/pads in addition to achieving
the main goal of the ABS system. FLEC is ﬁne tuned via scal-
ing factors and rule weights using a genetic algorithm. The ob-
tained results clarify that the designed FLEC proved its
capability to deal with such problem and gave good
performance.
The results of the designed FLEC showed that the wear rate
of brake disc/pads is reduced during braking and its tempera-
ture is decreased at the end of braking which reduces the brake
fading effect, i.e. decreased the friction coefﬁcient between
brake disc and pads. In addition, the results proved that the
designed FLEC effort is reduced or saved by 77.7% (81.3%)
with high (low) wear rate which extend the service life of thebrake actuator. That is, the FLEC proved its effectiveness to
reduce control effort whatever the braking conditions without
degrading the system performance concerning safety. The re-
sults proved that FLEC deals effectively with the model uncer-
tainties due to variations of vehicle weight, road conditions,
tire conditions, temperature, etc.
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